Non-covalent PEGylation has great potential for stabilization of therapeutic proteins. Here, 12 we demonstrated that the non-covalent PEGylation with a PEGylated polyelectrolyte stabilized a 13 therapeutic protein, L-asparaginase (ASNase). Anionic ASNase and cationic poly(ethylene glycol)-14 block-poly(N,N-dimethylaminoethyl methacrylate) (PEG-b-PAMA) formed a water-soluble protein-15 polyelectrolyte complex (PPC) without loss of secondary structure and enzyme activity. PPC with 16 PEG-b-PAMA successfully inhibited the shaking-induced inactivation and aggregation of ASNase 17 as well as protease digestion, corresponding to the behaviors of covalently PEGylated ASNase. Thus, 18 non-covalent PEGylation by PEGylated polyelectrolytes is a new candidate for handling of 19 therapeutic proteins. 20 21 22
Introduction method for protein therapy. 7-12 PEG is a hydrophilic, non-ionic, and non-toxic polymer that provides 48 a steric shield for proteins, resulting in improvement of the pharmacological properties of the 49 proteins. In addition, PEGylation also protects proteins against aggregation and protease digestion in 50 vitro. [13] [14] [15] At present, 12 types of PEGylated therapeutic protein have been approved by the US Food 51 and Drug Administration, 12 and are used for several diseases, such as severe combined 52 immunodeficiency disease, acute lymphoblastic leukemia, and refractory chronic gout. 11 However, 53 covalent PEGylation requires chemical reaction for conjugation of PEG to proteins, which is both 54 time-consuming and costly. 55
Protein concentrations 91
The concentrations of proteins were determined from the absorbance at 280 nm using a 92 spectrophotometer (V-630; Japan Spectroscopic Co., Ltd., Tokyo, Japan) with extinction coefficients 93 of 94020 M -1 cm -1 (ASNase and PEG-ASNase) or 37650 M -1 cm -1 (trypsin). 29 94 95
Dynamic light scattering 96
Dynamic light scattering (DLS) experiments were performed using a Zetasizer Nano ZS light 97 scattering photometer (Malvern Instruments, Worcestershire, UK) equipped with a 4 mW He-Ne ion 98 laser (λ = 633 nm). The sizes of the protein with polymer were determined as follows. Solutions 99 containing 1.0 µM ASNase, 0 -100 µM polymers, and 10 mM MOPS buffer (pH 7.0) were placed 100 in a 1-cm path length disposable cuvette, and DLS measurements were performed at 25°C at a 101 detection angle of 173°. The viscosity of the solutions was approximated by the value of the 10 mM L-Asn, 10 mM MOPS (pH 7.0) at 37°C for 2.0 min (ASNase) or 10 min (PEG-ASNase). The 116 reaction was stopped by the addition of 250 µL of 3.0 M TCA in the assay mixture. Subsequently, 117 the sample was mixed with Nessler's reagent to measure the ammonia released after L-Asn 118 hydrolysis. The absorbance was monitored spectrophotometrically at 450 nm. The concentration of 119 ammonia produced by the enzymatic reaction was determined from a reference curve using 120 ammonium sulfate as a standard. One unit of enzyme activity was defined as the amount of enzyme 121 required to produce 1.0 µmol ammonia per min at 37°C. We demonstrated previously that cationic PEGylated polyelectrolytes bind to anionic 162 proteins, resulting in the formation of water-dispersed protein-polyelectrolyte complexes (PPC). 25 163 Therefore, we first prepared a PPC between cationic PEG-b-PAMA and anionic ASNase, as 164 illustrated in Figure 1B . Figure We then evaluated the protective effects of PEGylated polyelectrolyte against shaking. A 204 solution of native ASNase shaken at 500 rpm for 6 h showed visible suspension and the enzyme 205 activity disappeared completely (Figure 4) .
DLS measurements indicated that D h of native ASNase
Shaking is one of the major causes of protein aggregation. 3, 4 Aggregation by shaking is 249 primarily attributable to the contact of proteins and air-water interfaces. 4 Our results indicated that 250 native ASNase also formed visible aggregates on shaking stress (Table 1) , resulting in inactivation 251 of the enzyme (Figure 4) . In contrast, the solutions of ASNase with polymer and PEG-ASNase were 252 clear and retained enzyme activity. It is emphasized that the D h of ASNase/PEG-b-PAMA after 253 shaking remained constant, even though DLS measurement is sensitive to small amounts of 254 aggregates. It is possible that the steric hindrance of PEG on the ASNase/PEG-b-PAMA complex 255 conferred protection from the contact of air-water interfaces for the protease. Thus, PPC with 256 PEGylated polyelectrolyte is better protected against shaking stress as well as proteolytic digestion 257 than PEGylated proteins. 258
The data for heat treatment on ASNase are complex, and it is difficult to understand the 259 mechanism compared to other types of stress. Briefly, PEG-b-PAMA and PAMA accelerated 260 irreversible inactivation of ASNase against heat treatment, whereas the others did not ( Figure 5) . 261
This result was inconsistent with a previous report in which PEGylated polyelectrolyte stabilized hen 262 egg white lysozyme against heat-induced inactivation. 22 We concluded that the inconsistency 263 resulted from monomeric or oligomeric forms of the proteins as follows. The tetrameric ASNase 264 loses enzyme activity due to dissociation of subunits during heat treatment at 60°C, and then the 265 enzyme activity is restored by decreasing temperature due to the re-association of subunits. 13, 32 266 Furthermore, the denaturation temperature of ASNase is 62°C, which was independent even in the 267 presence of polymers. Accordingly, the polyelectrolytes are thought to inhibit the re-association of 268 ASNase through electrostatic interaction, resulting in irreversible inactivation of ASNase. 269
In summary, we showed that PEGylated polyelectrolytes stabilize the therapeutic protein, 
